ABSTRACf: Two types of modifiedsilica gel have been prepared by constructing layers of a thermolabile interfacial polyelectrolyte complex on the surface of silica gel using diazo resin (DR) as the polycation and poly(sodium styrene sulphonate) (PSS) as the polyanion. Dye adsorption from aqueous solution was employed to estimate the surface properties of the silica gels. It is believed that the diazo resin is anchoredon the surfaceof the silica gel after thermal treatment through covalent bond formation. The adsorption ability of the surface for cationic dyes increases after such modification. Anionic dyes. which cannot be adsorbedby the unmodified silica gel. can be adsorbedby the modifiedones. This indicates that a hydrophobic surface has been built up on the silica gel.
INTRODUCTION
Polyelectrolyte complexes (PEC) formed between anionic and cationic polyelectrolytes in aqueous solution have been investigated widely (Philipp et al. 1989) . A new self-assembly technique based on the formation of interfacial polyelectrolyte complexes (lPEC) layer by layer at a solidi liquid interface via ionic attraction between oppositely charged polyelectrolytes has been developed (Decher et al. 1992) . Based on this simple but versatile technique. Cooper et al. (1995) have fabricated polypeptide-dye multilayer films on glass slides, the bilayer thickness being only about 2 nm. The same technique was also used to assemble thin films of polycations and an azobenzenecontaining polyanion. Second harmonic generation (SHG). a second-order non-linear optical effect, was clearly observed on these films (Lvov et al. 1997) .
The PECs formed from diazo resin (DR) and anionic polyelectrolytes (APE), such as poly(sodium styrene sulphonate) (PSS), poly(sodium ethylene sulphonate) (PES), poly(acrylic acid) (PAA), etc., are susceptible to light and heat and can be used as photo-imaging materials .
It was confirmed that the ionic bond of PECs based on DR may be converted to a covalent bond under the influence of heat or UV irradiation. This special characteristic has been applied to develop a type of stable multilayer thin film which can resist etching from polar solvents (Sun et al. 1998) .
Although the modification of solid surfaces. especially those of classical supports, has been advanced as an important approach to the development of new, versatile, low-price materials (Nagata ef at. 1998) . little work appears to have been done on using PEC to modify solid surfaces (Buchhammer and Lunkwitz 1996) . Silica gel is used widely as an adsorbent and a support because of its well-defined porosity, high surface area and high chemical and thermal stability. Through chemical reaction of the silanol groups on its surface, the physicochemical properties of the silica gel can be modified. For example. a hydrophobic surface has been introduced via the reaction of
• Author to whom all correspondence should be addressed. trimethyl chlorosilane (TMCS) and the silanol group of silica gel. After modification, silica gel can be used in many fields, such as high efficiency liquid chromatography, preconcentration and separation processes in pollution control, depending on the groups introduced.
In our view it should be relatively easy to introduce a DR layer or a PSS-DR layer on the negatively charged surface of silica gel through the use of the electrostatic self-assembly technique. Subsequent thermal treatment should then allow the ionic bond of the IPEC layer to convert into a covalent bond thereby enabling the formation of a stable modification layer. In this article, we report some preliminary results concerning the modification of silica gel and the dye adsorption behaviour of the resulting product, which is very susceptible to the nature of the surface and commonly used to evaluate the surface properties of silica gel (Khokhlova et al. 1997) .
EXPERIMENTAL Materials
Diazo resin (DR) was prepared according to the method of Luo et al. (1998) . Poly(sodium styrene sulphonate) (PSS) (Aldrich, M, =7000 g/mol) was used as received. Rhodamine B (RB), Methylene Blue (MB), Congo Red (CR) and Methyl Orange (MO) are all analytical agents and were used without further purification. Their structures are shown in Scheme I. A commercial macroporous silica gel was bought from Qingdao Oceanic Chemical Factory. 
Modification of the silica gel

Modification with DR
The silica gel was washed with dilute NaOH solution and HCI solution alternately three times. immersed in NaOH solution (0.01 M) for 10 min to form a negative surface and then washed thoroughly with water. After drying, the silica gel was immersed in a 0.01 M aqueous DR solution (concentration calculated on the basis of the diazonium group) for to min. It was then washed thoroughly with water, filtered and then heated at toOOe for 8 h. The sample thus obtained is referred to as DR-silica below.
Modification with DR and PSS
The silica gel was treated with aqueous DR solution (0.01 M) as described above and then immersed in a 0.01 M aqueous PSS solution (concentration calculated on the basis of the sulphonate group) for 10 min, washed with water and dried, followed by thermal treatment at 1000e for 8 h. The sample thus obtained is referred to as PSS-DR-silica below.
Dye adsorption
Dye adsorption was undertaken in aqueous solution as follows. A known amount of silica gel (unmodified or modified) was placed with stirring into the dye solution. At a given time, the absorbance of the solution (after centrifugation) was measured on a Shimadzu-250 UV-vis spectrophotometer employing the A ma , value of the dye. The extent of adsorption (A), calculated as umol dye/g adsorbent, may be determined from the decrease in the absorbance of the solution.
RESULTS AND DISCUSSION
Reactions involved in modification
Silica gel consists principally of Si0 2 with silanol groups on its surface and exhibits high hydrophilic characteristics. After treatment with NaOH, the surface will be negatively charged. The DR polycation can self-assemble on this surface through electrostatic interaction as represented schematically in Scheme 2:
Scheme 2. Self-assembly of DR on the surfaceof silica gel.
Because of the excess diazonium groups on the surface, the PSS polyanion can self-assemble on the surface as shown in Scheme 3:
PSS-OR-silica (before thermal treatment)
Scheme 3. Self-assembly of PSS on the surface of silica gel.
During thermal treatment, the ionic bond of the IPEe layer will convert to a covalent bond. Such bond conversion, which follows the decomposition of the -N; group in the DR-polyelectrolyte complex, has been verified in solid thin films (Sun et al. 1998) . The stability of the covalent bond (especially towards polar solvents) is much higher than that of the ionic bond. In the case of DRsilica, the silica gel will be covered by a layer of a neutral organic substance after thermal treatment and a hydrophobic surface will be built up. In contrast, for PSS-DR-silica some sulphonate groups will be retained and the surface will be somewhat negatively charged.
Adsorption of cationic dyes on silica gels
Two cationic dyes, Rhodamine B and Methylene Blue, were used to examine the adsorption properties of the silica gels. The extents of adsorption (A) of RB and MB as a function of the adsorption time for various gels are shown in Figure I Both dyes exhibited a strong tendency towards adsorption on the three silicas studied, the extent of adsorption increasing rapidly with time for each silica indicating that the adsorption equilibrium was rapidly attained. The data depicted in Figure I indicate that although each silica sample exhibited a strong tendency towards the adsorption of Rhodamine B. the modified silicas were more effective than the unmodified variety. The adsorption extent of Rhodamine B was 0.98 umol/g after .~min for DR-silica and PSS-DR-silica. but only ca. 0.80 umol/g for the unmodified silica gel. With Methylene Blue. as shown in Figure 2 . the extent of adsorption (A) was 0.24 umol/g (corresponding to 96% dye adsorption) after 3 min for both modified silica gels and 0.23 umol/g (corresponding to 92% dye adsorption) for the unmodified variety. The decrease observed for the unmodified silica was not as great as that for RB. but the same tendency is still exhibited.
It is usually considered that two kinds of forces. i.e. electrostatic interaction and a dispersion force. are involved in the adsorption of an organic dye on to an adsorbent (Dai 1998) . Thus. it is easy to understand that the unmodified silica gel. which has some silanol acid centres on the surface and is somewhat negatively charged. will adsorb cationic dyes such as RB and MB effectively via electrostatic interaction. It has heen shown that the adsorption of cationic dyes increases as the numher of hydrophobic groups introduced on to the silica gel surface increases (Khokhlova et al. 1997 ). This increase may be attrihuted to the dispersion force acting between the hydrophobic groups and the organic dye. In the case of DR-silica, the dispersion force provides the only mechanism for the increase in cationic dye adsorption. However. PSS-DR-silica is considered to carry some sulphonate groups and. for this reason. electrostatic interaction between these ions and the oppositely charged dye molecules in addition to the dispersion forces provides a mechanism for the increasing adsorption. Since these two forces have the same effect, no obvious difference in hehaviour between the two modified silica gels was detected.
Adsorption of anionic dyes on silica gels both dyes were not adsorbed by the unmodified silica gel but were adsorbed effectively by DRsilica and PSS-DR-silica. The reason for the different behaviour is that the negatively charged and hydrophilic surface of the unmodified silica gel does not allow the adsorption of an organic molecule carrying the same charge. The adsorption of CR and MO on DR-silica or PSS-DR-silica may be ascribed to the dispersion force acting between the dye molecules and the DR surface or the DR-PSS surface. Since dye adsorption on DR-silica was more effective than that on PSS-DR-silica, this demonstrates the effect of the sulphonate groups on the surface of the latter. However, the effect was not particularly pronounced because the number of sulphonate groups retained was rather low. It is reasonable to assume that the surface of PSS-DR-silica is hydrophobic overall.
The presence of such negative ions also affected the adsorption equilibrium of Congo Red. Thus. on Dk-silica, adsorption equilibrium was attained in less than 10 min. whereas on PSS-DR-silica equilibrium was not reached in I h. However, such negative ions did not affect the adsorption equilibrium of Methyl Orange since on both modified silica gels equilibrium was attained in 3 min. This difference in behaviour may be explained on the basis of the differences in the molecular structures of the dyes. Methyl Orange carries only one charge whereas Congo Red, which is a rigid rod-shaped molecule, has a negative ion at each end. For this reason, the sulphonate ions on the PSS-DR-silica surface can prevent the access of the Congo Red molecule more effectively.
The stability of the modified silica gels in solution
In order to investigate the stability in water of the silica gel modification layers, three kinds of silica gel were immersed in an aqueous solution of Rhodamine B with stirring for several days at 20°C. The extent of adsorption (A) for different immersion times was determined and the resulting data are depicted in Figure 5 . These show that the extent of dye adsorption was unchanged with immersion time. Hence, the modification layers of both DR-silica and PSS-DR-silica are very stable in aqueous solution. The stability of the modification layers in organic solvents was also investigated. For such studies, N,N-dimethylformamide (DMF) was chosen as the etching solvent. After stirring in DMF for 1 h, the DR-silica and PSS-DR-silica samples were removed by filtering and dried, and then immersed in an aqueous solution of Congo Red or Methyl Orange (MO) to determine the adsorption extent, A. The respective results obtained are shown in Figure 6 and Figure 7 . It will be seen that, in both cases, the extent of adsorption (A) remained virtually unaffected by etching in DMF. This result demonstrates that the modification layers are also stable towards polar organic solvents. Such stability may be ascribed to the covalent bond present in the modification layers.
Modification of silica gel by constructing IPEC layers using diazo resin (DR) as the cationic polyelectrolyte and poly(sodium styrene sulphonate) (PSS) as the anionic polyelectrolyte has been demonstrated. After thermal treatment. a stable hydrophobic surface was constructed. It has been shown that DR-silica as well as PSS-DR-silica exhibit a higher adsorption ability towards both cationic and anionic dyes than the unmodified silica gel. The enhanced ability of modified gels is ascribed mainly to the dispersion force acting between the dye and the modified surface.
